Abstract. We present a comprehensive model that can be employed to describe and correct for degradation of (scan) mirrors and diffusers in satellite instruments that suffer from changing optical Ultraviolet to visible (UV-VIS) properties during their operational lifetime. As trend studies become more important, so does the importance of understanding and correcting for this degradation. This is the case not only with respect to the transmission of the optical components, but also with respect to wavelength, polarisation, or scan-angle effects. Our hypothesis is that mirrors in flight suffer from the deposition of a thin absorbing layer of contaminant, which slowly builds up over time. We describe this with the Mueller matrix formalism and Fresnel equations for thin multi-layer contamination films. Special care is taken to avoid the confusion often present in earlier publications concerning the Mueller matrix calculus with out-of-plane reflections. The method can be applied to any UV-VIS satellite instrument. We illustrate and verify our approach to the optical behaviour of the multiple scan mirrors of SCIAMACHY (onboard EN-VISAT).
Introduction
Almost all optical instruments in space suffer from transmission loss due to in-flight degradation of optical components and/or detectors. This transmission loss, especially at shorter Ultraviolet (UV) wavelengths, can, in the worst case, cause a nearly complete loss of detectable photons, and in lesser cases a strong decrease in the signal-to-noise ratio. Often this transmission loss is corrected by solar calibration, e.g. by using a diffuser to observe the (assumed stable) sun. However, instruments employing scan mirrors often observe their scientific targets under different angles than their (in-flight) calibration sources. As more satellites spent longer times in orbit, it became clear that the transmission loss or degradation is dependent on the scan angle (of the scan mirror) (Krijger et al., 2005b; Tilstra et al., 2012) . This has been referred to as the scan-angle-dependent degradation. This problem is becoming more pressing with the increasing number of long-term (climate) trend studies.
Our hypothesis is that both scan mirrors and surface diffusers suffer from a thin absorbing layer of contaminant, which slowly builds up over time. Many previous studies of such contaminant layers that form on mirrors and/or diffusers in space have been performed. However, despite their good quality, many authors decided not to publish in peer-reviewed scientific journals. Studies like e.g. the one by Stiegman et al. (1993) on diffusers, show some organic effluent present, but did not allow for the identification of the contaminant. Also, Chommeloux et al. (1998) showed the on-ground degradation as a result of UV or photon radiation, as did Georgiev and Butler (2007) or Fuqua et al. (2004) . In-flight studies of contaminant are of course more difficult. Some studies are collected in an extensive database, which has recently been made available to the general public (Green, 2001) . In summary, most of the early satellites suffered from degradation caused by outgassing. However, the exact identity of the contaminant causing the Ultraviolet to visible (UV-VIS) degradation remained unclear. McMullin et al. (2002) studied the degradation of SOHO/SEM, and found that they could explain the degradation with a thin layer of carbon forming on the forward aluminium filter. The exact source of the contaminant is unknown, but is suspected to be outgassing of the satellite itself. Schläppi et al. (2010) attempted in situ mass spectrometry with ROSETTA to measure the constituents of their contamination, and found the main contaminants to be water. In addition, organics from the spacecraft structure, electronics and insulations were identified. Water was also found in SCIAMACHY, where it was deposited onto the cold detectors (Lichtenberg et al., 2006) . In fact, Earth-observing satellites suffer from degradation, both in throughput and in the polarisation and/or scan-angle dependence, such as GOME (Krijger et al., 2005a; Slijkhuis et al., 2006) , MODIS (Xiong et al., 2003; Xiong and Barnes, 2006; Meister and Franz, 2011) , SeaWiFs (Eplee et al., 2007) , VIIRS (Lei et al., 2012) , MERIS (Delwart, 2010) , SCIAMACHY (Bramstedt et al., 2009) 1 , and the two GOME-2 (Lang, 2012) instruments currently in orbit. Most provide an empirical degradation correction for the data users.
Thin layer deposits on mirrors and diffusers have been modelled before (e.g. most recently by Lei et al., 2012) ; however, these earlier attempts focus only on transmission loss, and often do not take scan-angle dependence into account, and none consider polarisation. These, however, need to be considered for a proper description of in-flight behaviour. This can be done by employing the Mueller matrix formalism and Fresnel equations. The application of Mueller matrix calculation in combination with the Fresnel equations requires special care due to their different mathematical descriptions of polarised light, especially in the case of out-of-plane reflections. However, there are many ambiguities in often not well-defined absolute polarisation frames, in the direction or handedness in the often ignored circular polarisation, in naming conventions, or in the application of signs with respect to frame changes, which often lead to much confusion. Therefore, in this paper, we go for the first time 2 into full detail, and present a consistent, well-defined approach to Mueller matrix calculation in combination with Fresnel equations, using detailed illustrations and descriptions to describe the mathematics and frames. We will show that this approach is in full agreement with verification measurements, and is generally applicable.
As the first paper in a planned series on in-flight mirror contamination, this initial paper focuses on the mathematical modelling of the mirror with possible contaminants. Further application to in-flight measurements and how to derive optical properties of in-flight contaminations will be presented in a follow-up paper.
This study was initiated to investigate the wavelength and scan-angle-dependent degradation as observed by SCIA-MACHY, onboard ENVISAT (Gottwald and Bovensmann, 2011) , which affects long-term data records. The optical behaviour of the scan mirror of SCIAMACHY has been simulated based on this model, and was compared with measurements during on-ground calibration and dedicated laboratory measurements, which show that the model performs very satisfactorily under those early on-ground conditions. Analyses of in-flight SCIAMACHY contaminations and its behaviour over time will also be presented in a follow-up paper.
1 Data at http://www.iup.uni-bremen.de/sciamachy/mfactors/. 2 To the authors' knowledge.
The great value of this model is that it is generally applicable and can easily be applied to all satellites, employing (scan) mirrors or other reflecting optics suffering from degradation due to contamination. The model, once applied, can provide detailed scan-angle and wavelength behaviour as a function of time, allowing for accurate correction, which is needed for precise (trend) analyses.
In Sect. 2, we describe a model for a scan mirror and a surface diffuser. In Sect. 3, we shortly describe SCIAMACHY, important for our verification. This verification using onground measurements is described in Sect. 4. A general discussion follows. Finally, we will draw conclusions on the model with an outlook to its application.
Model

Mueller calculus
In order to model the scan-angle-dependent throughput of mirrors, we employ the well-known Stokes and Mueller calculus (Azzam and Bashara, 1987; Hecht, 1987) . The incoming (partly) polarised light is characterised by a Stokes vector I
Here, I is the intensity, Q and U describe the twodimensional state of linear polarisation, and V represents circular polarisation.
Any description of polarisation requires an exact reference frame definition. In this paper, we use the same reference frame and conventions as Hecht (1987) . This means that when looking along the direction in which the light is travelling, positive U is found by rotating 45 • anticlockwise from Q, while positive V is defined when the E vector is rotating clockwise, as shown in Fig. 1 . Note that the rotation and direction of the E vector is defined in a fixed reference frame or plane. Many other frame definitions are in use; however, these will require different Mueller matrices than those used in this text.
The Stokes vector I is often split into a total signal part and a polarisation vector,
with q, u, and v the fractional polarisation Q, U , and V with respect to the total signal, I 0 .
Any detected signal S depends on the received polarised light I and the polarisation sensitivity of the instrument µ, with
with M 1 the absolute radiance sensitivity of the instrument and µ x the normalised polarisation sensitivity of q, u, and v of the instrument, respectively. Any optical element that modifies the polarised light, such as retarders, polarisers, and mirrors, can be described as a 4× 4 transformation matrix M (known as the Mueller matrix):
For polarisation-insensitive detectors, the first row of M is often considered equivalent to µ, thus removing the need for µ. However, here we consider a possible polarisationsensitive instrument, and choose to employ µ explicitly.
Multiple elements encountered by the light can be described by multiplying consecutive Mueller matrices:
Note that, for Mueller matrix calculations, the first encountered element by the light is the one farthest right in the formula. Matrix multiplication is not commutative, so order is important.
It is always important to define the reference frame both at the detector and at the source, and to keep track of the frame at different positions between source and detector, since a frame rotation might be needed between two optical components when out-of-plane reflections happen. In reflections, the p and s directions are often used. The p polarisation (p from "parallel") is the polarisation in the plane of reflection or incidence, while s polarisation (s from "senkrecht", German for perpendicular) is perpendicular to this plane (see 2 ). The p and s frame can be, and often is, coupled to a Stokes frame in the case of a single reflection, with S ≡ Q = 1 and P ≡ Q = −1. However, this is a choice and can be different, as long as the Stokes frame is rotated before and after a reflection to the p and s frame (see Sect. 2.5 for more details on frame rotations). For example, the mirror in Fig. 2 would have to be rotated 90 • in order to match the frame from Fig. 1 with S ≡ Q = 1.
Mirror model
The generic Mueller matrix for a mirror, defined in the reference frame of Fig. 1 , with the angle of incidence of the light given by i mir and the plane of reflection perpendicular to the Q = 1 direction, is given by Azzam and Bashara (1987) :
where the complex reflection coefficients r p and r s for s-and p-polarised light are given by the Fresnel equations
The complex indices of refraction of the mirror material and ambient medium are denoted by n 2 and n 1 . Note that n = n r − ik, with k ≥ 0, with n r the real part and k the imaginary part. This makes k a damping factor, which describes the absorption of light by metals (see van Harten et al., 2009) . Note that the s and p directions are given here according to the conventional definition, with p in the plane of reflection and s perpendicular to this plane. The phase jump in this coordinate frame is defined as = arg(r p ) − arg(r s ).
(10)
On a side note: a perfect reflection is described by
The reflection Mueller matrix correctly describes that the signs of U and V flip. This is a direct consequence of the fact that the Stokes frame is defined for an observer looking along the beam, so upon reflection, the definitions of left and right are swapped. This sign change of U and V can be achieved mathematically by changing the signs in the lowerright quadrant of the mirror Mueller matrix (see e.g. Keller, 2002) , or as was done here, by the definition of with r p and r s , which cause a 180 • phase difference for a perfect reflection.
Diffuser model
The mirror model can also be employed to describe the behaviour of a surface diffuser. The roughened surface contains many irregularities (or facets) which cause light to be reflected in various directions, thus decreasing the transmission in the direction of the instrument. The assumption here is made that for polarisation behaviour, the diffuser can be considered to be a large number of small mirror facets. Only those facets contribute to the signal which are oriented such that they cause specular reflection of the light into the direction of the instrument (see Fig. 3 ). The geometry thus dictates the relative polarisation behaviour, while the unpolarised reflectivity is only a function of the angular distribution of the facets of the diffuser and the orientation of the diffuser in the light path. The Mueller matrix for a surface diffuser is then given by
with the scalar M dif 1 the diffuser sensitivity and
with φ in and φ out both positive angles with respect to the normal, and M mir as in Eq. 7. Figure 3 shows the various angles.
Contamination
Our hypothesis is that degrading mirrors and diffusers degrade through deposition of thin absorbing layers of contaminant, which change over time. The model was thus extended to allow up to two layers with a specified thickness and refractive index (Azzam and Bashara, 1987 ; Born and Wolf, Only facets oriented such that they cause specular reflection in the direction of the instrument contribute to the signal, dictating relative polarisation behaviour. Unpolarised reflectivity is only a function of the angular distribution of the facets of the diffuser, and the orientation of the diffuser in the light path.
1999). The change to the model, as presented in Sect. 2.2, is only in the equations for the reflection coefficients r s and r p , combined here as an implied s-and p-specific reflection coefficient R t . We employ a capital R for combined multilayer intensity reflections at a certain interface, which incorporates the direct reflection at the interface and all (multiple) reflection from subsequent layers. Note that this is a different approach from that described in van Harten et al. (2009), as we include each extra layer explicitly. The total reflection coefficient for the bulk or substrate (subscript 4) with refractive index n 4 , the second layer (subscript 3) with refractive index n 3 , the first layer (subscript 2) with refractive index n 2 , and the ambient medium (subscript 1) with refractive index n 1 combined, is given by (see also Fig. 4 for a graphical explanation, and Azzam and Bashara, 1987 )
where r j k are the r s and r p reflection coefficients between media with subscripts j and k, as given by Eqs. (8) and (9), and by cos(
with φ x the angle of incidence in medium x (only φ 1 is needed; the others can be derived as shown), λ the wavelength of the light, and d 2 and d 3 the layer thicknesses of the layers closest to the ambient medium and the substrate, respectively. To expand the model to any desired number of layers, the total reflectance R t at the top interface of a multi-layer system can be calculated by determining the combined (multi-layer) reflectance at the interface between the ambient medium (subscript 1) and the first layer (index 2), R 12 , as done in Eq. (14). However, Eq. (17) must be expanded to the general case, where the combined (multi-layer) reflectance at the interface between layer or medium i and layer j (with j = i + 1), namely R i,j , is given by
R 12 can thus be calculated by successively employing Eq. (20)- (22) for incrementing layers i and j until an effectively infinite layer n + 1 (where R n,n+1 = r n,n+1 , as in Eq. 17) or the desired accuracy is reached.
Multiple mirrors
Some instruments, such as SCIAMACHY, employ multiple scan mirrors. As a result, both polarisation and throughput change as a function of the viewing angle of each mirror. The modelling of the reflection from multiple mirrors may require the use of rotation matrices. Especially in cases where the planes of two successive reflections are not parallel, a rotation of the reference frame is needed in order to align the Q = 1 direction of the reference frame with the s direction corresponding to the plane of reflection. The rotation matrix over an arbitrary angle γ is given by
Using this Mueller matrix with γ = 45 • changes Q = 1 into U = 1. In order to add an optical element with Mueller matrix M placed at an angle γ , one has to rotate the element mathematically in line as follows, to get it to align with our frame:
For a mirror, where the reflection flips the coordinates, the back transformation should hence also be mirrored (Keller, 2002) , resulting in
For clarity, note that all rotation signs can be swapped as long as they are then also changed in the rotation matrix. Sometimes both definitions are used in the same book, e.g. in Azzam and Bashara (1987) . Note that for polarisation, two positive rotations do not equal two negative rotations, due to the handedness of polarisation.
Combining the two mirrors can then be written as
Each rotation is with respect to the Stokes frame of the light incident on the optical element. This allows changing from e.g. an external frame to an instrument frame and vice versa by adding the appropriate rotation matrix. When employing two mirrors, the angle of incidence on the second mirror depends on the angles at which the mirrors are rotated with respect to each other. An example of modelling two mirrors applied to the case of SCIAMACHY will be shown in the next section.
SCIAMACHY
The SCIAMACHY (Gottwald et al., 2006) calibration concept (Noël et al., 2003) builds on a combination of on-ground and in-flight calibration measurements. The on-ground calibration measurements were split up into ambient measurements comprising the scanner unit only, and thermal vacuum (TV) measurements using the entire instrument. Viewing angle dependence for the on-ground calibration data is derived from the ambient measurements, while the remainder of the calibration information is derived from the TV measurements. For in-flight conditions, the combination of ambient and TV data is essential.
Unforeseen instrumental polarisation behaviour, most likely caused by thermally induced stress birefringence of one of the optical components in the instrument (Snel, 2000) , required the initial calibration approach to be extended, with additional on-ground polarisation characterisation of the instrument.
Shortly after launch, discrepancies between the observed and expected signals were observed, and subsequently significantly reduced by means of ad hoc sign changes of selected polarisation calibration parameters. This solution was considered acceptable for the time being, and worked well for nadir viewing geometry, but needed additional workarounds for limb geometry. Here however we will now employ a more fundamental approach. Our method is consistent in both nadir and limb, as we now describe the various mirrors in the same frame.
SCIAMACHY mirrors
Aluminium mirrors are known to induce instrumental polarisation when used at non-normal incidence (e.g. Thiessen and Broglia, 1959) . Such mirrors however are often used in telescope mirrors, as onboard SCIAMACHY. This phenomenon is caused by differential reflection between polarisation in the plane of incidence and polarisation perpendicular to it, as described by the Fresnel equations. The amount of polarisation depends on the mirror material, angle of incidence, and wavelength. For instance, reflection off an aluminium mirror at 45 • turns unpolarised visible light into 3 to 4 % polarisation perpendicular to the plane of incidence (van Harten et al., 2009) .
It has been shown that these polarisation properties can not be described using the Fresnel equations for bare aluminium (Burge and Bennett, 1964) . Attempts to fit measured instrumental polarisation to an aluminium model lead to unrealistic pseudo-indices of refraction (Sankarasubramanian et al., 1999; Joos et al., 2008) .
Indeed, this bare aluminium model is incomplete, since the instant an aluminium mirror is exposed to air, an aluminium oxide layer a few nanometers thick starts growing on its surface. This phenomenon, as explained theoretically by Mott (1939) , was measured using microscopy and spectroscopy by Jeurgens et al. (2002) . Mueller matrix ellipsometry by van Harten et al. (2009) showed that the mirror polarisation can be described by a ∼ 4.12±0.08 nm aluminium oxide layer on top of bulk aluminium, where the layer grows asymptotically to the final thickness within the first ∼ 10 days. This is also needed to describe the aluminium mirrors in SCIAMACHY adequately.
SCIAMACHY geometry
The SCIAMACHY scanner (Fig. 5) consists of two mechanisms, each containing a mirror with a diffuser on the back. The elevation scan mirror (ESM) is needed for all measurement modes and contains the main diffuser. The azimuth scan mirror (ASM) is only used in limb measurement mode, including the Sun over ESM diffuser mode. The ESM and ASM can be set at any angle.
SCIAMACHY has a geometry where detector and both mirrors are in the same plane, but with a perpendicular rotation axis (see Fig. 5 ). Let α x be the rotation of mirror x around its axis, with 45 • mirror rotation resulting in the light being reflected at 90 • . For the ESM (employed for both the nadir and limb scans), the angle of incidence towards the detector is equal to the rotation of the ESM on its axis:
When choosing the Stokes reference frames optimally (namely S ≡ Q = 1 for the ESM), the nadir case is very simple:
For limb observations, the situation is a bit more complicated, because one has to account for the different orientation of the planes of reflection of the ESM and ASM with respect to the Stokes reference frames of the incoming and outgoing light. The rotation angle between the plane of reflection of the ESM and the ASM is given by
Also, the ASM must be placed at a very specific angle in order to reflect the light onto the ESM and then the detector/instrument slit. The required angle of incidence on the Atmos. Meas. Tech., 7, 3387-3398, 2014 www.atmos-meas-tech.net/7/3387/2014/ ASM can be calculated using
The total Mueller matrix for limb observations is then given by
However, for historical reasons, the Q = 1 direction was chosen perpendicular to the entrance slit of SCIAMACHY (see Fig. 5 ), i.e. parallel to the scattering plane of the ESM, or 90 • compared to the simple case. This requires several rotations, resulting in a Mueller matrix for nadir observations:
with γ ESM = 90 • . The total Mueller matrix for limb observations derived by frame rotating for each mirror element is then given by
As rotations are commutative, and two 90 • rotations equal a full rotation for polarisation, this equation can be simplified here to
with
Finally, we emphasise that these formulas will change if different Stokes reference frames are used, but the approach remains the same.
Verification
Combining Mueller matrix formalism with the Fresnel equations requires, especially in the case of out-of-plane reflections, a precise definition and bookkeeping of mathematical signs and conventions. In particular, this applies to the absolute polarisation frame, to the rotations between frames before and after reflection, to the handedness of circularly polarised light, and to the implementation in the form of an algorithm.
Hence, it is of the utmost importance to verify Mueller matrix calculations. In this section, we apply our model to SCIAMACHY on-ground measurements of the diffuser and scan mirrors. We show that all data can be explained well by using Mueller matrix calculations in combination with the Fresnel equations, confirming the correct use of these tools.
Refractive index
In the section below, we compare model calculations with older on-ground measurements performed on aluminium mirrors during SCIAMACHY calibration. As mentioned, these aluminium mirrors were not vacuum protected, and will thus have a thin layer of aluminium oxide on them. In order to describe these mirrors, the refractive index of aluminium and aluminium oxide is needed for the wavelength range of interest (here 300-2400 nm). However, there are several conflicting aluminium refractive indices available in the literature, namely the direct measurements found in Haynes (2013) and Palik (1985) and the Kramers-Kronigderived values of Rakic (1995) . While the differences in the refractive index can be several percent, the difference in specific applications is much harder to quantify. Our verification results improved very slightly when employing the indices of Rakic (1995) , and hence the choice was made to employ these indices.
To the best of our knowledge, in the literature there is no complete information on the refractive index of amorphous aluminium oxide in the 0.2-2.4 µm wavelength range.
However, the work of Edlou et al. (1993) can be extrapolated to the desired wavelength range by using the Cauchy dispersion equation
We employ the values found by Edlou et al. (1993) of 1.63, 2.25×10 3 nm 2 , and 20.16×10 7 nm 4 for A, B and C, respectively. The two different methods produce the same refractive indices for aluminium oxide within uncertainties. The latter option was employed for its ability to interpolate accurately to desired wavelengths.
Mirror model verification
First we compared the mirror model with the measurements of van Harten et al. (2009) . Shown in Fig. 6 is the comparison at 600 nm, using a refractive index for the aluminium We show the most complicated situation first, with multiple mirrors where multiple orientations of linear polarisation (Q = 1, Q = −1, U = 1, and U = −1 with respect to the SCIAMACHY reference frame) were reflected on the whole scanner unit. The reflected light was then analysed by employing linear polarisation filters (either Q = 1 or Q = −1). Shown in Fig. 7 are both measurement and model simulations under the SCIAMACHY reference viewing angles (φ ESM = 12.7 • and φ ASM = 45 • ) for the various combinations of offered and measured polarisation directions. The original estimated errors bars are shown; however, already during the measurements, it was clear these were too optimistic (Dobber, 1999) . As can be seen, the measurements originally differed several standard deviations from a simple clean mirror model employing the literature value for the refractive index of aluminium. Including a 4.12 nm layer of aluminium oxide (van Harten et al., 2009 ) improves the comparison significantly; however, for the shortest wavelength, an additional contamination was needed. A correction by increasing the thickness of the aluminium oxide to 9 nm (not shown) showed improvement, but did not show the correct wavelength behaviour, and was rejected. Further investigation showed that employing 0.4 nm of light oil contamination on the surface of the mirrors would be consistent in order to model the measurements correctly.
The light oil optical properties were taken from Barbaro et al. (1991) . Such a small contamination of 0.4 nm on the mirror was within the molecular cleanliness control requirements (van Roermund, 1996) during on-ground measurements. Of course, the exact kind of oil or even the kind of contaminant is unknown; however, the assumption of light oil contamination is not unreasonable. As both mirrors were kept under similar conditions, we assume a similar contamination of oil on both.
The good agreement between measurements and model clearly shows that the mirror model works very well, and that the inclusion of aluminium oxide and oil contamination is necessary for explaining the measurement results. Since an error or sign change in one of the rotation angles used in the calculation will result in completely different polarisation sensitivities (not shown here), Fig. 7 confirms that the correct signs and rotation angles are employed. The use of the optical properties of light oil, while the true contaminant source and its polarisation properties are as yet unknown, could be the reason for the differences at the shortest wavelengths. However, more likely the measurements have larger uncertainties than originally stated.
The single mirror measurements are less sensitive to contaminations, and are thus less useful for verification, but we show them here for completeness in Fig. 8 . Again, a 4.1 nm aluminium oxide and 0.4 nm light oil contamination were In order to verify the coordinate frames, to verify the employed Mueller matrices, and to avoid previous on-ground confusion, the authors have rebuilt the SCIAMACHY scanner setup in an optics lab. No new results where found, but all the measurements confirmed all rotations and Mueller matrix signs.
Diffuser model verification
The assumption that the diffuser acts as a surface diffuser with mirror facets can be checked by changing the angle of the mirror with respect to a fixed light source and a fixed detector. In this case, φ dif is fixed as the sum of the incident angle and the outgoing angle, which is the fixed angle between the light source and the instrument. Since M mir depends only on the fixed φ dif , only the scalar M dif 1 (φ in , φ out ) will vary due to the change in the angle of incidence and the outgoing angle (see Eq. 12). This will cause a change in the intensity of the signal, but not in the polarisation properties. Hence, the relative polarisation should remain the same in this situation, irrespective of the angle with respect to the fixed light source and the fixed detector.
A measurement to test this hypothesis has been performed on-ground for SCIAMACHY. A scan over 40 • rotation of the mirror was made, while keeping the light source and detector at a fixed position, over which a negligible change in polarisation was observed during the measurements. In Fig. 9 , this is shown for a smaller range of rotation angles, near the operational rotation angle of 165 • . In the figure, the measured signal of the main science detectors for both s (Q = 1) and p polarisation (Q = −1) are plotted at 324 nm as a function of the diffuser rotation angle. Both signals are scaled to the maximum of s polarisation for comparison, as the level of the signals is a scanner-independent instrument characteristic, depending on the instrument polarisation sensitivities. The signals show exactly the same response (within the error bars), as shown by their plotted ratio, indicating that the polarisation did not change, only the total reflectance, as expected.
Discussion
We present here a method capable of describing the degradation as a function of wavelength, polarisation and scan angle for all Earth-observing instruments employing a (scan) mirror in both low and geostationary orbits. In addition, employing a time-dependent contaminant layer thickness also allows us to describe the degradation as a function of time. Initially this work was started to solve the scan-angle-dependent degradation of SCIAMACHY, but in this paper we have attempted to describe the method in the most generic way, for easy application to other instruments. Not all possible cases have been described, but expansion of the model to for example more mirrors or layers can easily be derived from the presented cases. The model is of interest to all instruments employing (scan) mirrors or other optics suffering from degradation due to contamination. In its current version, the model can be applied to provide detailed scan-angle and wavelength behaviour as a function of time, allowing for accurate correction, which is needed for precise (trend) analyses. We will further expand on this and illustrate it by the application to SCIAMACHY in-flight measurements in the next paper in this series.
For application to in-flight satellites, several properties must be known: the instrument response to polarisation, the mirror's optical properties (along with its initial contaminations), and the in-flight contaminant optical properties. The model is not wavelength limited, as long as the optical properties of the mirror are known for the wavelength of interest. Issues like a low signal or other instrument limitations will be the limiting factor for the application of the model. The in-flight contaminant optical properties especially are often unknown, and assumptions will have to be made. In the next paper in the series, we will present how this can be done for SCIAMACHY.
We have verified all assumptions and models, and thus removed any remaining sign or frame inconsistencies. All formulae and verification results are fully consistent with each other. In previous measurements for, e.g., SCIAMACHY (Gottwald and Bovensmann, 2011) , different mirror configurations were taken as completely different measurements in sometimes conflicting or partially defined polarisation frames. The current model always employs a well-defined frame with a consistent mathematical Mueller approach. All of these frame definitions and approaches have been used consistently for all verification measurements. With this approach, we were able to describe all the measurements available to us. More proof of the correctness of the assumptions or approach employed will follow in a future paper in the series, where we will show the model as also describing timedependent in-flight measurement behaviour.
Conclusions
We have presented a model for accurately describing reflection and polarisation properties of multiple scan mirrors and diffusers in space. This model includes the impact of contamination, both spectrally and scan angle dependent. The model can easily be applied to any satellite, both in low and geostationary orbits, employing (scan) mirrors or other optics suffering from degradation due to contamination. Also, in cases where no scan-angle-dependent degradation is present, but only wavelength-dependent degradation, the model allows for accurate in-flight corrections, provided that information on the contamination can be constrained. Our hypothesis is that both scan mirrors and diffusers suffer from a thin absorbing layer of contaminant, which slowly builds up over time. We described this transmission, polarisation and angle dependence of mirrors, including multi-layers using the Mueller matrix formalism and Fresnel equations. In this paper, we have gone into explicit detail with respect to the handedness of the polarisation and mathematical signs, accompanied by detailed illustrations and descriptions. We resolve the long-standing ambiguities in the application of Mueller matrix and Fresnel calculations in (out-of-plane) reflections. As an application, the SCIAMACHY scanner has been modelled based on this multiple-layer contaminated mirror hypothesis. The model was checked against all known on-ground measurements, and shows excellent agreement under those conditions.
Looking to the future, the current model which will be used in the next paper in this series to investigate the observed UV-VIS signal loss over time and the scan-angledependent degradation of SCIAMACHY onboard ENVISAT.
